Abstract. In order to reduce the environmental sensitive frequency of electret-based vibration electrostatic energy harvester (E-VEH), an up-conversion structure is designed. This harvester is a double cantilever structure includes a low frequency beam and high frequency beam. Electret is bounded to the high frequency beam, the low frequency beam vibrates excited by environment, and impacts the high frequency beam. The model of this structure is established and analyzed firstly. Then a prototype is made and tested. According to the measurement result, this kind of structure can convert part of the vibration energy within the vibration frequency between 1Hz and 70Hz into electrical energy under the action of the excitation load with the amplitude is 8m/s 2 . This indicates that the up-conversion structure can validly reduce the sense frequency of E-VEH, and can expand the harvester work bands.
Introduction
With the rapid development of MEMS, COMS sensors and data processing, the times of internet of things is coming. As an important part of internet of things, wireless sensor networks are rapidly growing. At present, chemical batteries are used for suppling power to wireless sensor networks. However, it hampers the development of wireless sensor networks because chemical batteries have maintenance, environmental and size issues. In recent years, it is concerned and studied how to harvest environment energy and convert it into electric power [1] [2] [3] . The vibration harvester has been paid more attention because vibration happens in anywhere and anytime. For vibration harvester, three mechanisms have been proposed: piezoelectric, electromagnetic and electrostatic Compared with piezoelectric and electromagnetic energy harvesters, electrostatic systems have advantages of compatibility with MEMS processes and small size. Electret-based vibration energy harvesters (E-VEHs) can be divided into two types, in-plane and out-of-plane. Compared with the in-plan E-VEHs, Out-of-plane E-VEHs have lower production costs because the device structure and process are relatively simple. Driven by the merit of low production costs, more and more researchers have focused on out-of-plane E-VEHs and attempted to improve their performance. When designing structure of out-of-plane E-VEHs, cantilever or double-end fixed beam is commonly employed. The size of these harvesters is usually small as their employers are always small. Therefor the natural frequency of most harvester structures is relatively high, always at the level of KHz. However, in natural environment, vibration frequency is always at the level of Hz. In order to increasing the harvest efficiency, it is an important point to decrease the structure natural frequency.
In this paper, an up-conversion structure is introduced to reduce the environmental sensitive frequency of the E-VEHs. The model of this structure is established, and its characteristics are analyzed. By test, this up-conversion structure can effectively decrease the sensitive frequency of cantilever E-VEHS.
Work Mechanism of E-VEHs
The core of E-VEHs is a kind of dielectric function material called electret which can keep space charge or dipole charge for a long time. With the space electret method promotion, more and more space charge electret, as shown in Fig.1 (a) , has been used, especially for vibration energy harvester.
When it is used for harvest energy unit, its work mechanism can be described as Fig.1 (b) . The unit is composed of electret, electrode and counter-electrode. According to Gauss's law, the amount of charges on electret e Q is equal to the sum of b Q and t Q , where b Q is the total amount of charges on the electrode and t Q is the total amount of charges on the counter-electrode, i.e. e b t Q Q Q = + . When the distance between the electrode and the counter-electrode is changed due to external excitation, the capacitance between counter-electrode and electret will change, and charges on electrode and counter-electrode will redistribute, which will induce current in the circuit. So the unit can be equivalent to a model as shown in Fig.1(c) , which can be described as Eq.1. The surface potential s V could be considered as a monotonous linear function of the initial charges e Q of electret,
Fig. 1 The mechanism of E-VEHs

Up-conversion of E-VEHs with Double Cantilever
According to the mechanism of E-VEHs, its output is related to vibration amplitude of the harvester structure, greater amplitude and higher output voltage. For present small-scale harvester, its harvest energy efficiency is relatively low, because its natural frequency is high while the vibration frequency of environment is low. To reduce the sense frequency of E-VEHs, an up-conversion structure with double cantilever is adopted.
Model of the Up-conversion E-VEHs
The up-conversion E-VEHs is composed of low frequency beam (LFB), high frequency beam (HFB), electret, as shown in Fig.2 . At the free end of low frequency beam, a mass is fixed to decrease its natural frequency. Counter-electrode is laid on the high frequency beam. The electret and electrode is laid on the base. When external low frequency excitation acts on the base, the LFB will vibrate at relative high amplitude due to its low natural frequency. During the vibration of LFB, it will impact on the HFB. Thus the two beam will move together in the direction of electret, and the gap between HFB and electret will be changed, so that there will be current in circuit when loads are connected to the counter-electrode and electrode. Thus the harvester structure sense low frequency excitation.
Fig. 2 Schematic of up-conversion E-VEHs
According to the work principle mentioned above, the up-conversion structure can be equivalent to the model as shown in Fig.3 . There 1 k and 2 k denote the stiffness of LFB and HFB respectively, 1 c and 2 c denote the damping coefficient of LFB and HFB respectively. So its dynamic characteristics can be written as
In equation (3) and (4) When the LFB impacts on the free end of HFB, i.e. the =0 ∆ in Fig.3 , the HFB will vibrate and its displacement can be written as 
Where M a is the vibration amplitude of LFB free end, ∆ is the gap between LFB and HFB, M z is the amplitude of HFB free end, 0,1, 2,3, =  n is impact times of the two beams, 3 ξ is the couple damping ratio, 2 ξ is the damping ratio of HFB, ω is the frequency of excitation acceleration, 2 ω is the natural frequency of HFB, 3 ω is the couple natural frequency.
In Fig.4 the vibration response of HFB is given under the excitation condition of 2 10m/s ,14Hz . It can be found that during an impact period the coupling vibration time is 3 3π 2ω which is less than the vibration period of LFB. After the LFB and HFB separate, the HFB will do damped free vibration until next impact comes. When the HFB is impacted, it will vibration and deform as shown in Fig.5 . Thus the capacitance between counter electrode and electrode will change. While the free end has a deformation of M z under force, the deformation of cantilever at τ is ( )
Fig. 5 Deformation of the HFB
Where L the length of HFB is, τ is the distance from the fix end of HFB. According to the equation (1) and equation (7), the capacitance between counter electrode and electrode is
According to equation (1), (7), (8) 6 , it can be found that there is no phase difference between capacitance of harvester unit and the displacement of HFB, and the capacitance reaches maximum value when the displacement of HFB reaches maximum. For the output voltage, there is phase difference between the voltage and displacement.
Test and Analyze an Up-conversion E-VEH
According to the theory model mentioned above, a small-scale prototype of up-conversion E-VEH is designed and fabricated. The LHB and HFB are made of 304 stainless steel, and the HFB is used as counter electrode. The electret film is made of PP with 500V − surface potential. The electrode is made of 304 stainless steel, and bonded to the electret by conductive adhesive. The parameters of this E-VEH are list in the Table 1 , and the object is shown in Fig.7 . Volume of eletret 30mm*16mm*0.03mm
Fig. 7 Photo of the E-VEH prototype
To test performance of the prototype, a measurement system is established as shwon in Fig.8 . The prototype is mounted on a small vibrator, which is excited by signal generator and amplifier. The vibration frequency and amplitude can be controlled by the signal generator and the amplifier. An accelerator is mounted on the vibrator to sense the vibration acceleration and recorded by a signal analyzer. The output voltage of the E-VEH prototype is recorded by an oscilloscope. According to the prototype structure, the first three orders natural frequency of LFB are 8.5Hz , 29.3Hz , 65.7Hz . In other words, the harvester can harvest the lower frequency vibration. 
Conclusions
For small-scale E-VEHs, its natural frequency always relative high, while environment vibration frequency is low. This cause the harvest efficiency is relative low. An up-conversion harvester structure is designed and analyzed. By measurement, this structure can convert part of the vibration energy within the vibration frequency between 1Hz and 70Hz into electrical energy under the action of the excitation load with the amplitude is 
